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Abstract: Hybrid materials based on tetraethyl orthosilicate (TEOS), hydroxypropyl cellulose (HPC), or hydroxypropyl methyl cellulose
(HPMC) with silver nanoparticles were synthesized. They were analyzed and characterized using differential thermal analysis and
thermogravimetry, atomic force microscopy, and static contact angle measurements. It was experimentally demonstrated that the silverdoped hybrid materials have pronounced antibacterial behavior by studying the reduction of Pseudomonas aeruginosa PAO1 biofilm
formation on the tested materials. The results revealed biofilm reduction of 35.7% and 30% by SiO2/HPC/2.5% Ag and SiO2/HPMC/2.5%
Ag hybrid materials, respectively, compared to the control. Cytotoxicity of examined materials and actin cytoskeleton organization of
fibroblasts seeded on the materials was studied as a function of material properties as the type of surface functional groups and silver
content. The obtained hybrid materials with low silver content proved efficient in tissue engineering applications since they showed
good antibacterial and noncytotoxic properties for eukaryotic cells.
Key words: Silver nanoparticles, silica hybrid materials, antibacterial activity, cytotoxicity, cell adhesion, tissue engineering

1. Introduction
Bacterial infections of wounds are huge health problems
and are due to the adhesion of pathogenic bacteria,
which form biofilms. Microorganisms in such biofilms
possess competitive advantages such as high resistance
to antibiotics. Currently, different polymer dressings
impregnated with silver nanoparticles (AgNPs) are
being established as promising antibiofilm reducing
agents (Campoccia et al., 2013; Velazquez-Velazquez et
al., 2015). Silver-containing materials are widely used as
antimicrobial agents for different biomedical applications
like wound-healing devices (Ip et al., 2006; Tian et al.,
2007), catheters (Hachem et al., 2003), dental materials
(Hernandez-Sierra et al., 2008), and stents (Multanen et
al., 2000) due to their ability to kill a broad spectrum of
bacteria (Grunlan et al., 2005; Rhim et al 2006; Asharani
et al., 2009; Jones and Hoek, 2010; Sintubin et al., 2011).
Due to their small size, AgNPs have rapid diffusion,
high specific surface area, and size similar to that of
biomacromolecules. Silver species release Ag+ ions and
they interact with the thiol groups in bacteria proteins
* Correspondence: nelly.georgieva@yahoo.com
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affecting the replication of DNA and also collapse the
proton-motive force across the cytoplasmic membrane
(Lee et al., 2009). It is suggested that antibacterial activity
can also occur through direct physical contact between
the nanoparticles and bacterial cells, causing structural
damage to their cell walls. Silver ions have been reported
to interact with cytoplasmic components and nucleic
acid to inhibit respiratory chain enzymes and to interfere
with membrane permeability (Holt and Bard, 2005). The
antibacterial activity depends on the silver ions, which bind
strongly to electron donor groups on biological molecules
containing sulfur, oxygen, phosphorus, or nitrogen atoms.
As a result, it has been observed that bacterial death is
due to the loss of the transport function of the bacterial
cell membrane or DNA damage (Castanon et al., 2008).
AgNPs have been immobilized on different organicinorganic porous hosts (Tatar et al., 2007; Rivero et al.,
2011). The researchers suggest that the important aspect
of the hybrid matrix is that both organic and inorganic
materials should not show any phase separation in order
to get maximum homogeneity (Yano et al., 1998). In
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addition, the application of silver-binding membranes has
been suggested to further reduce the silver toxicity towards
eukaryotic cells, minimizing the metal absorption (Yu et al.,
2006). There are several techniques to make silver-doped
hybrid materials: the sol-gel method, high-temperature
glass fusion, ion implantation, etc. (Jeon et al., 2003). The
hybrid materials produced by the sol-gel method have
many advantages such as high purity, ultrahomogeneity,
and low processing temperatures (Li and Liu, 2003). One
possible way for stabilization of AgNPs is to introduce them
into an appropriate organic-inorganic matrix (Sanchez
et al., 2005; Rangelova et al., 2014). Polymeric matrixes
based on cellulose derivates possess excellent mechanical
properties such as high hardness, combined with a good
resistance to high temperatures and strong solvents
(Kamitakahara et al., 2008; Rangelova et al., 2011). In
order to use the above silver-containing hybrid materials
for biomedical applications, their biocompatibility to
eukaryotic cells has to be tested. For instance, scaffolds
are typically used as constructs in tissue engineering and
regenerative medicine to induce formation of functional
new tissues (Dhandayuthapani et al., 2011). Their design
and physicochemical properties should meet several
important criteria. Among them, overall morphology of
adherent cells and actin cytoskeleton organization are
key characteristics to test the biocompatibility of a given
polymer scaffold (Liu et al., 2009).
In this study we have prepared silica hybrid materials
based on hydroxypropyl cellulose (HPC) or hydroxypropyl
methylcellulose (HPMC) and tetraethyl orthosilicate
(TEOS) containing uniformly distributed AgNPs by the
sol-gel method. The surface morphology of the obtained
hybrids was characterized by atomic force microscopy
(AFM) and water contact angle (CA) analysis. The biofilm
formation of Pseudomonas aeruginosa PAO1 on the
hybrid biomaterials was verified by a two-channel flow
cell system. The cytotoxicity and the cell adhesion (actin
cytoskeleton organization) of fibroblasts as a function of
surface functional groups and silver content were also
investigated.
2. Materials and methods
2.1. Materials and preparation of SiO2/cellulose derivate
materials
HPC, HPMC, TEOS, and silver nitrate (AgNO3) were
purchased from Aldrich and nitric acid from Merck.
All chemicals were used as received without any further
purification. Both types of hybrid biomaterials, SiO2/HPC
and SiO2/HPMC, were obtained by the sol-gel method
as described previously (Angelova et al., 2012, 2014).
The quantity of organic substance was 5 wt.% while the
concentration of silver ions was 0.5 and 2.5 wt.%.

2.2. Sample characterization
2.2.1. Differential thermal analysis
The thermal stability of synthesized hybrid biomaterials
was determined by differential thermal analysis and
thermogravimetry (DTA/TG) analysis. A Seteram
Labsysis Evo 1600 instrument was used for recording
thermodiagrams over the range from room temperature
(RT) to 600 °C. The heating rate was set to 10 °C/min in air
atmosphere under an air flow of 20 mL/min.
2.2.2. Atomic force microscopy
AFM imaging was performed with the NanoScopeV system
(Bruker Inc.) using tapping mode in air. Standard silicon
nitride (Si3N4) probe tips (Budget Sensors, Innovative
Solutions Ltd., Bulgaria) were used (tip radius of <10
nm). Round glass slides (diameter of 10 mm) covered by
SiO2/HPC or SiO2/HPMC hybrid materials were fixed to
the metal pads and scanned with a rate of 0.5 Hz. Each
sample was examined at 5–10 different locations all over
the slide, exploring areas of 10 × 10 µm. The images (512
× 512 pixels) were captured in height and error modes
and roughness analysis was performed using NanoScope
6.13R1 software.
2.2.3. Static contact angle measurements
The hydrophilic/hydrophobic surface properties of
samples were assessed by a CA goniometer (Ramé-Hart
Automated Goniometer Model 290) equipped with a
video-capturing system. Static CAs were measured by
the sessile drop method. Typically, 3 µL of ultrapure
water (from the Purelab Option-Q purification system
with specific resistance of 18 М Ω/cm) was placed on
the leveled surface of the sample by microsyringe for CA
measurements. The left and right angles were measured at
3 or 4 different spots of each specimen.
2.3. Antibiofilm experiments
Biofilm formation on the investigated two types of
biomaterials was performed with Pseudomonas aeruginosa
PAO1. The strain was obtained from the laboratory of
the Department of Microbiology and Biotechnology,
University of Hamburg. Biofilms were cultivated according
to methods described by Bijtenhoorn et al. (2011) in twochannel flow cells. Briefly, the glass coverslips with the
obtained biomaterials were fixed on the upper and lower
sides of the stainless steel flow chamber using additive-free
silicone glue. The tested biomaterials were SiO2/HPC/2.5%
Ag and SiO2/HPMC/2.5% Ag and the control ones were
SiO2/HPC and SiO2/HPMC. Each channel of the flow
cell was inoculated with 5 mL of the cell suspension with
a concentration of 107 cells/mL. The experiments were
performed at 30 °C for 72 h, and after that the biofilm
cells were stained with SYTO 9 (Invitrogen, Darmstadt,
Germany). The observation of flow-cell biofilms was
performed using a Zeiss Axio Imager 2 fluorescence
microscope (Zeiss, Jena, Germany).
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2.4. Cell preparation
3T3 murine fibroblast cells were obtained from the
American Type Culture Collection and grown as a
monolayer in a 5% CO2 and 37 °C environment in DMEM
F-12 medium with L-glutamine, 10% (v/v) heat-inactivated
fetal bovine serum (FBS), and 100 U/mL penicillinstreptomycin-amphotericin B (PAN-Biotech, Germany).
The cells were harvested during density of 80%–90% using
0.25% trypsin-EDTA (PAN-Biotech).
2.5. Cytotoxicity analysis
Cell proliferation was evaluated with 3T3 cells. The hybrids
were incubated in DMEM F-12 (without FBS) for 72 h.
Approximately 1 × 104 cells were plated in each well of 96well plates and incubated for 24 h at 37 °C and 5% CO2.
The cells were divided into seven groups and cell medium
was replaced with medium incubated with the materials.
Group 1 was referred as to the control; Groups 2, 3, and
4 were treated with SiO2/HPC/0%, 0.5%, and 2.5% Ag,
respectively; and Groups 5, 6, and 7 were treated with
SiO2/HPMC/0%, 0.5%, and 2.5% Ag, respectively. The
plates were then incubated again for 24 and/or 48 h. After
the incubation 20 µL of MTT (3-(4,5-dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide) reagent with
a concentration of 5 mg/mL was added and plates were
incubated for 3 h at 37 °C. The obtained formazan crystals
were dissolved in a 5% solution of formic acid and the
absorbance at 570 nm was measured using a microplate
reader (Tecan Infinite F200 PRO, Tecan, Austria). The
survival rate of the cells was calculated as the percentage
of the absorbance of the treated groups relative to the
untreated control.
2.6. Actin staining
In fixed fibroblast cells, actin structures can be visualized
using fluorescent phalloidin. Cells with density of 1 × 105/
mL were seeded on different materials placed in 12-well
plates and incubated for 24 h at 37 °C and 5% CO2. After
incubation, treated cells were fixed with a 3% solution
of paraformaldehyde (PFA) for 15 min at RT, and then
they were permeabilized with a 0.5% solution of Triton
X-100 for 5 min at RT. Then the samples were stained
with BODIPY 558/568 phalloidin (1:50) for 30 min at
RT. Washed samples were allowed to dry and then were
observed under an inverted fluorescent microscope (Leica
DMI300 B, Leica Microsystems, Germany) with objective
HCX PL FLUOTAR 63x/1.25 oil.
3. Results and discussion
Two types of hybrid biomaterials based on TEOS, HPC,
or HPMC with silver nanoparticles were prepared.
According to SEM analysis in our previous investigations
(Angelova et al., 2012, 2014), partial immiscibility in the
hybrids containing HPC was observed while the hybrids
derived from HPMC were homogeneous. DTA/TG curves
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of the investigated materials are presented in Figure 1. It
can be seen that all hybrid materials have endothermic
effects (50–170 °C) corresponding to evaporation of
physical water. The second effect (exothermic), which is
observed only in the samples containing HPC (Figure 1A),
can be assigned to the depolymerization and subsequent
combustion of cellulose ether. The thermal analysis of the
samples obtained from HPMC (Figure 1B) showed that
it is more stable (even at 600 °C) as there were no exoeffects. This can be confirmed with the TG curves (Figures
1C and 1D) where mass loss was in the range of 15–20
wt.%, while for samples containing HPMC the mass loss is
around 15 wt.%. Moreover, this difference can be seen with
the second slope of the curves for HPC samples (Figure
1C) in the range between 300 and 400 °C corresponding
to depolymerization of the cellulose derivative, while this
effect for HPMC samples (Figure 1D) was not observed.
In this way part of the OH groups are blocked, which
means that they are not free and cannot participate in the
formation of H-bonds with the silica network.
The surface topology and roughness of hybrid materials
were examined by AFM analysis. AFM micrographs are
shown in Figures 2A–2C and 3A–3C. The control samples
(without silver) are very smooth (Figures 2A and 3A),
where the root-mean-square roughness Ra of the surface
is around 0.3 nm (see Table). On the AFM top-view images
very small rounded particles with diameters in the range
of 50–200 nm and height of 2–7 nm, unevenly distributed,
were observed (Figures 2A and 3A).
The incorporation of 0.5% Ag in SiO2/HPC material
resulted in a coating with different surface topology than
the hybrid without silver (Figure 2B). As anticipated, the
observed changes in the films morphology were reflected
in the surface roughness (see Table). The samples were
characterized with significantly greater surface roughness
and grain particles with various shapes and sizes,
occupying 3.0 ± 0.05% of the surface with area of 10 × 10
µm2. Increase of silver content up to 2.5% was followed by
formation of numerous and significantly larger particles
(sizes in the range of 0.03–0.20 µm2), filling 9.5 ± 0.05% of
the observed surface area (Figure 2C), due to the formation
of Ag clusters. As can be seen from Figure 2C, AgNPs were
well dispersed in the organic-inorganic continuous phase.
The roughness of samples increased with increasing silver
content and, except in size, they also differed from the
particles obtained on the surface of the hybrids and their
height varied between 40 and 120 nm. It can be concluded
that AgNPs form agglomerates in the three-dimensional
direction. The same tendency for agglomeration of the
hybrids was obtained in our previous study where the
surface was investigated by SEM analysis (Angelova et al.,
2012).

ANGELOVA et al. / Turk J Biol

Figure 1. DTA and TG curves of SiO2/HPC and SiO2/HPMC hybrid biomaterials with different silver contents.

Figures 2 and 3 (middle rows) present phase mode
images that give the opportunity for more clear visualization
of the different regions of investigated material surfaces,
e.g., AgNPs and continuous phase, and thus to evaluate
the areas occupied by AgNPs. A clear phase contrast can
be seen between the AgNPs and the SiO2/HPC and SiO2/
HPMC materials. The magnitude of the phase contrast
depended on the set point chosen.
Height mode showed the uniform surface but phase
mode clearly revealed the areas of different softnesses
(Figure 2B). Phase mode images showed that AgNPs
and their aggregates were more rigid than SiO2/HPMC
materials. However, in the case of SiO2/HPC materials, the
results were contradictory because the AgNPs appeared
more rigid in the case of samples with 0.5% Ag (Figure 2B)
and softer in the case of 2.5% Ag (Figure 2C).
The incorporation of silver in SiO2/HPMC materials
resulted in the formation of coatings with similar topology
(Figure 3). They are much smoother than SiO2/HPC
materials with very few particles occupying only about
0.05% of the observed sample area (in the case of the

sample containing 0.5% Ag) (Figure 3B), while for the
samples containing 2.5% Ag the occupied surface with
particles was around 0.71% (Figure 3C). For samples with
high Ag content the particles became higher (16–28 nm)
with different sizes between 200 and 400 nm in diameter.
The same tendency was previously observed by SEM
analysis (Angelova et al., 2014). This indicates that the
addition of silver promotes the formation of clusters.
The observed morphological characteristics of
materials were also influenced by the surface roughness
values, as determined from the AFM micrographs. The
average roughness of control SiO2/HPC and SiO2/HPMC
samples was almost the same, as shown in the Table. The
Table lists the average roughness of control SiO2/HPC and
SiO2/HPMC samples, which showed the same range. The
increase of the silver content caused a dramatic effect on
the SiO2/HPC samples with negligible impact on SiO2/
HPMC. The mean surface roughness of SiO2/HPC/Ag
increased in the same order as the silver concentration
(Table). The roughness of the SiO2/HPC sample with 0.5%
Ag was found to be 7 times greater, and that of SiO2/HPC
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Figure 2. AFM images of (A, A1, A2) SiO2/HPC, (B, B1, B2) SiO2/HPC/0.5% Ag, and (C, C1, C2) SiO2/HPC/2.5% Ag hybrid
materials. Top row represents height images, middle row represents phase images, and bottom row represents 3D images.

samples with 2.5% Ag was 10 times greater than the control
sample in an identical measurement area (10 × 10 µm2).
In order to ascertain the hydrophilic/hydrophobic
balance of the materials, the surfaces of hybrid materials
were also characterized by CA analysis of a water drop
and the results are summarized in the Table. It is well
known that hydrophilic surfaces favor the attachment
of mammalian cells while proteins prefer hydrophobic
surfaces. According to Vogler (1998), materials with contact
angles greater than 65° were classified as hydrophobic and
surfaces with contact angles less than 65° as hydrophilic.
The typical shape of water drops on each of the three types
of surface is demonstrated in Figure 4.
The results (Table) show that both materials are
hydrophilic and should be effective on cell attachment.
However, of the two hybrid materials, SiO2/HPMC was the
more hydrophilic one. It was found that the hydrophilicity
of hybrid materials had deteriorated when compared
with the control sample, but this effect depended on the
silver concentration. The addition of 0.5% Ag significantly
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increased the water contact angle and the effect was
much more pronounced for SiO2/HPMC, where the CA
was raised twice, approaching the boundary between
hydrophilic and hydrophobic materials. On the contrary,
the increasing of silver content up to 2.5% had a smaller
impact on the SiO2/HPMC CA. However, the addition of
2.5% Ag produced hybrids with the same hydrophilicity
as the control sample. The SiO2/HPMC/2.5% Ag hybrid
materials had the same hydrophilicity as the control sample.
The more hydrophobic nature of SiO2/HPC/0.5% Ag and
SiO2/HPMC/0.5% Ag hybrids was mostly due to silver
content and resulted in modification of the orientation
of the surface hydroxyl groups in such a way that more
of the hydrogen bonding sites were available for bonding
with water in it. Our hypothesis is that with increasing
Ag content the polymer surface was already saturated
with AgNPs and some of them became nonbonded. In
addition, some release of Ag ions is also not excluded. As a
result, the increase of Ag content (particularly the free Ag
particles and ions) could contribute to the hydrophilicity
of the polymer surfaces.
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Figure 3. AFM images of (A, A1, A2) SiO2/HPMC, (B, B1, B2) SiO2/HPMC/0.5% Ag, and (C, C1, C2) SiO2/HPMC/2.5% Ag
hybrid materials. Top row represents height images, middle row represents phase images, and bottom row represents 3D images.

Previously we demonstrated that both hybrid materials
showed effective bactericidal activities against gramnegative E. coli K12 and gram-positive B. subtilis, and
the antibacterial effectiveness depended on the silver
concentration (Angelova et al., 2012, 2014). In this study,
using two-channel flow chambers, we observed that
silver affected P. aeruginosa PAO1 biofilm formation
on the hybrid material’s surfaces. After 72 h the control
samples of SiO2/HPC material had formed biofilm with
average thickness of 28 µm (Figure 5A). At the same time,

the tested SiO2/HPC/2.5% Ag hybrid material caused
formation of thin biofilms with an average thickness of
18 µm (Figure 5B). This indicates that the incorporation
of silver nanoparticles decreased the thickness of biofilm
formation. The reduction of biofilm by SiO2/HPC/2.5% Ag
materials was 35.7% compared to the SiO2/HPC materials.
On the other hand, we also observed the possibility of
biofilm formation of P. aeruginosa PAO1 on SiO2/HPMC
hybrid materials. In this case the formed biofilm on the
control sample without silver had an average thickness

Table. Average surface roughness (Ra) and average contact angle (Θ) (±standard deviation).

Surface

SiO2/HPC

SiO2/HPMC

Ra, nm

Θ, degrees

Ra, nm

Θ, degrees

0% Ag

0.34 (±0.15)

54.9 (±0.9)

0.32 (±0.03)

30.7 (± 0.4)

0.5% Ag

2.19 (±0.23)

67.5 (±1.8)

0.35 (±0.04)

62.1 (±0.6)

2.5% Ag

3.22 (±1.24)

55.3 (±2.0)

0.42 (±0.14)

47.3 (±0.2)
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Figure 4. Sessile water drops on A) SiO2/HPC, B) SiO2/HPC/0.5 % Ag, C) SiO2/HPC/2.5 % Ag, D) SiO2/HPMC, E) SiO2/HPMC/0.5
% Ag, and F) SiO2/HPMC/2.5 % Ag hybrid materials.

Figure 5. Fluorescence images of 72-h biofilms of strain P. aeruginosa PAO1 formed on SiO2/HPC materials as the control (A)
and on SiO2/HPC/2.5 % Ag materials (B). The biofilms were grown in a two-channel flow cell system on glass surfaces covered
with materials at 30 °C. Biofilms were stained with SYTO 9. Left- top views, middle- 3D views, right- side views.

of 30 µm (Figure 6A). The fluorescence images showed
even distribution of bacteria on the material’s surface.
The thickness of biofilms formed on SiO2/HPMC/2.5%
Ag was, on average, 21 µm (Figure 6B) and the calculated
reduction of biofilm surface was 30% compared to the
SiO2/HPMC materials. Results revealed that hybrids with
silver influenced the growth of P. aeruginosa PAO1 and
could lead to a decrease of thickness of the biofilm.
Furthermore, we conducted a cytotoxicity test with
3T3 cells. The MTT assay data given in Figure 7 showed a
high survival rate after 24 h of incubation of cells with all
hybrid materials.
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Overall, cell survival was in the range of 90%–100%.
After 48 h of incubation cell growth was a function of Ag
concentration on the SiO2/HPMC surface. On materials
with low Ag concentration (up to 0.5% Ag SiO2/HPMC)
cell proliferation was observed. In contrast, when
increasing the concentration of Ag to 2.5%, cell growth
was restrained. For SiO2/HPC materials the inhibition of
cell growth was much more visible. A low concentration of
Ag did not cause cell growth and at 2.5% Ag content cell
growth was even inhibited. The inhibited cell growth could
be explained by increased roughness of SiO2/HPC hybrids
with higher silver content (Table).
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Figure 6. Fluorescence images of 72-h biofilms of strain P. aeruginosa PAO1 formed on SiO2/HPMC materials as the control
(A) and on SiO2/HPMC/2.5 % Ag materials (B). The biofilms were grown in a two-channel flow cell system on glass surfaces
covered with materials at 30 °C. Biofilms were stained with SYTO 9. Left- top views, middle- 3D views, right- side views.

Figure 7. Cell survival of SiO2/HPC and SiO2/HPMC materials, using 3T3 cells
presented in percentage of the control after cell incubation with the materials for 24 h
(dark columns) and 48 h (light columns).

We also investigated the adhesive behavior of 3T3 cells.
Figure 8 shows that 3T3 cells adhered to SiO2/HPC and
SiO2/HPMC hybrid materials after 48 h of incubation.
Adhered cells on both materials formed monolayer areas
of well-spread cells. Microscopic observation revealed that
the presence of silver even in a low concentration (0.5%)
in the hybrid materials did not provoke high cellular
adhesion and spreading.

Actin filaments in cells cultured on materials containing
0.5% Ag were missing and the cells looked rounded. These
data suggested that cell adhesion on SiO2/HPC/Ag and
SiO2/HPMC/Ag materials was affected by addition of
silver into hybrids as other authors reported the alteration
in cell morphology and cytoskeleton structures in contact
with Ag content (Asharani et al., 2009; Xu et al., 2013).
That is most probably due to alteration of the cytoskeletal
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Figure 8. Fluorescence emission intensity from a culture of 3T3 murine fibroblast
cells stained with BODIPY 558/568 phalloidin, which targets actin filaments in the
cytoskeleton. Bright fluorescence intensity (white arrow) was exhibited by the actin
network, which extended throughout the cytoplasm.

actin pathway (Xu et al., 2013) due to the downregulation
of major actin-binding proteins like filamin, as Asharani
et al. (2009) reported. On the other hand, the above results
suggest that cell adhesion is strongly affected and depends
on the surface roughness of obtained hybrid materials.
Some clinical bacteria like P. aeruginosa are pathogens
and form biofilms. The antibiofilm efficacy of AgNPs is the
subject of many research studies. Mohanty et al. (2012)
showed that starch-stabilized AgNPs disrupted biofilm
formation of Pseudomonas aeruginosa and Staphylococcus
aureus under in vitro conditions. Cultivation of tested
biofilms for 24 h in the presence of AgNPs resulted in a
decrease of more than 85% of the formed biofilms. The
authors also suggested that AgNPs affected and prevented
biofilm formation through inhibition of exopolysaccharide
synthesis, which limited biofilm formation. Velazquez-
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Velazquez et al. (2015) studied the antibiofilm activity of
impregnated dressings with AgNPs against clinical isolated
pathogenic bacteria and showed inhibition at high levels of
P. aeruginosa and E. coli.
It was determined that the investigated hybrid
materials have hydrophilic characteristics, and the
addition of AgNPs caused significantly increased surface
roughness and the materials became more hydrophilic.
According to the thermal behavior it was proved that
SiO2/HPMC hybrid materials are thermally more stable
compared to SiO2/HPC hybrids. Pronounced antibacterial
behavior was demonstrated against P. aeruginosa PAO1 by
decreasing the biofilm formation on the hybrid surfaces
and it was concluded that the SiO2/HPC materials possess
more significant decreases due to high surface roughness.
In addition, fluorescence imaging analysis showed that the
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thickness of biofilms also depends on the amount of AgNPs
and reveals thinner biofilm. The adhesion of fibroblasts
was also rendered on the surfaces with Ag content, most
probably because of the increased surface roughness and
then the increased cytotoxicity. However, even the highest
silver concentration did not show cytotoxic effects on
fibroblasts. The obtained results reveal that SiO2/HPC and
SiO2/HPMC hybrid materials containing AgNPs can be
used as materials for short-term biomedical applications

where cell adhesion is not required, for instance as dental
materials or catheters.
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